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CNj , We review Electroweak breaking in warped Extra Dimensions and show how it is constrained 

by Electroweak precision tests. We then proceed to describe a model which is based on a bulk 
Higgs field and a metric that is deformed from the usual five dimensional Anti de Sitter space 
near the Infrared (IR) boundary. It allows to softly decouple the Higgs field from the Kaluza 
Klein excitations near the IR and thus reduces their contribution to the precision observables. 
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1 The RS model and its variants 



^^ \ Following the influential work of Randall and Sundrumf^ in the last decade a lot of effort has been 

Q"^ ' put into constructing realistic warped models of Electroweak Symmetry breaking (EWSB) which 

OO . obey all experimental constraints obtained in precision measurements of electroweak and flavour 

observables. In the Randall-Sundrum (RS) setup, a five dimensional (5D) bulk is endowed with 
an Anti de Sitter (AdS) metric that in proper coordinates is given by 



ds^ = e-'^^y rjf,^ dxf'dx'' + dy^ , (1) 



with the Minkowski metric ry^^ with signature ( — !-++)■ The constant k of dimension mass is 
the inverse AdS curvature radius and is considered to be of the order of the Planck scale. The 
presence of the warp factor e~ ^ introduces a scale dependence along the extra dimension and 
5^ \ causes all mass scales to be redshifted when moving along increasing y. The space is bounded 

by two "branes", located at y = (UV brane) and y = yi (IR brane). 
In the simplest setup, the Higgs field is localized at the IR boundary: 

Arane-Higgs = Vd {-9^" D^H^D.H - ml\H\'') |^^^^ = -e'^'^^i \D^H\^ - e-^^y^ ml\H\^ . (2) 

Canonically normalizing this Lagrangian, the - originally Planck size - Higgs mass ruh is "warped 
down" to the Electroweak (EW) scale 

nih -^ e-^y^ ruh (3) 

provided the volume (in units of k) is about kyi = log 10^^ ~ 35. This is a moderately large 
number that can be easily achieved dynamically by an appropriate stabilization mechanism.'^ 
The stabilization mechanism is also needed in order to give mass to the radion, the particle 
related to the fluctuations of the interbrane distance. Typically, the mass of the radion turns 
out to be about an order of magnitude lighter than the first KK excitations, although heavier 
masses are possible. l^ 



The smoking gun signature of the RS model is the presence of strongly coupled KK reso- 
nances of the graviton. By considering fluctuations around the metric Eq. ([T]) it is found that 
the graviton KK spectrum is quantized with TeV spacing, the lowest excitations being 

m^^ = 3.8ke-^y^. (4) 

Moreover, its coupling is not Planck suppressed but rather set by the IR scale. It is thus a 
universal prediction of all variants of the RS model to produce spin-2 resonances at LHC or 
other future particle colliders. The wave functions of the KK modes are localized towards the 
IR boundary. 

There exists a plethora of variations of this simplest setup, where the SM gauge and matter 
fields as well as the Higgs field are propagating in the bulk.l^ In this case, zero modes for the 
matter and Higgs fields typically feature nontrivial wave functions that depend on the bulk mass 
parameter. For instance, the Higgs boson zero mode has a profile 

h{y) ~ e^'^^^-^i) , (5) 

where the real parameter a is related to the bulk Higgs mass term M| \H'^\ as M^ = A;^a(a — 4). 
Inserting this profile back into the 5D Higgs Lagrangian, 

/^buik-Higgs = p dy ^ (-5^*'^ DmH^DnH - [M^ + Mq 6{y) - Mi S{y - yi)] \H\^ ) , (6) 

one finds the physical Higgs mass 
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For a < 1 this mass is 0{k) unless one fine tunes Mq = ka. This is the original hierarchy 
problem. In fact, in this range the Higgs can be considered near-UV localized in the sense that 
its kinetic term is multiplied by e^^°'~^'^y . For 1 < a < 2, the hierarchy problem still partially 
persists, although the "natural " Higgs mass is now of the order nih ~ k e~^"'~^' ^^ . Finally, for 
a > 2, the Higgs mass is of the order rrih ~ ke~^y^ and the hierarchy problem is fully solved. 
For the pure AdS background metric, the Higgs mass is thus constrained by o > 2 in order to 
fully address the hierarchy problem. There is a simple alternative interpretation of this result 
by invoking the AdS-CFT correspondence: The parameter a is related to the dimension of the 
strongly coupled Higgs condensate via dimO// = a. The condition a > 2 thus renders the 
mass operator jOffp irrelevant, which is precisely what is needed in order to solve the hierarchy 
problem. It has also been shown that under certain conditions, gauge coupling unification can 
be achieved at a scale Mqut ~ 10^^ GeV with a precision comparable to that of the MSSM.I^ 
We should mention two more possibilities for the Higgs sector, which have been employed 
in the context of warped extra dimensions. The first one goes by the name of gauge-Higgs 
unification, or under its dual alias "composite pseudo Nambu-Goldstone Higgs". l^ Instead of a 
fundamental Higgs field, one introduces an extended gauge group G in the bulk, which by the 
IR boundary conditions is broken down to a subgroup H containing the Standard Model gauge 
group. At the UV brane, only the SM survives the boundary conditions. By appropriately 
choosing Q G and H, the coset G/H contains scalars with the quantum numbers of the Higgs 
boson in the A^ sector of the theory (the fifth component of the gauge boson). At tree level, its 
potential is flat due to the underlying 5D local gauge symmetry. However, at one loop a potential 
is generatedl^ due to a Wilson line needed to make all bulk propagators gauge covariant. The 
potential is nonlocal and finite. These models have the advantage that the Higgs mass can be 



In the minimal modePG = 50(5) x 17(1), H = SU{2)l x SU{2)r x 17(1) D SU{2)l x U{1)y. 



Table 1: The properties of the global currents, depending on the boundary conditions imposed on them at the 

two branes. 





Neumann Dirichlet 


UV brane 
IR brane 


gauged ungauged 
exact spontaneously broken 



naturally light due to the vanishing tree level contribution. In the holographic dual version of 
the theory the Higgs is identified as the (pseudo-) Nanibu Goldstone bosons of the breaking 
of the global symmetry G ^ H. Recall that according to the AdS-CFT dictionary, 5D gauge 
symmetries correspond to global currents in the 4D dual. The fate of the current depends on 
the imposed boundary condition according to table [TJ We see that the global symmetry G is 
spontaneously broken to H producing Goldstone bosons in the coset G/H. The SM, a subgroup 
of -ff , is gauged and further spontaneously broken by a VEV of the pseudo-Goldstone Higgs. The 
second alternative, the "Higgsless model", l-^ is an extreme version of the previous one, in which 
the coset G/H only contains the Goldstone bosons and no radial, "Higgslike" excitations. This 
can be achieved, for instance, by choosing G = SU(2)l x SU{2)r and H = SU{2)v D U(1)em- 
Holographically these models thus bear some similarities to large- A^c Technicolor models. 

Besides the aforementioned KK graviton modes which are universally present in any variant 
of the RS model, there are more model dependent resonances such as KK modes of the gauge 
bosons or even of the matter fields. These resonances can contribute to higher dimensional 
operators when integrated out at tree level and beyond, and hence precision measurements from 
LEP and flavour experiments tightly constrain the parameters of the model. Before turning 
to details of these constraints, let us pause and figure out the parameteric dependence of the 
coupling of SM zero modes to heavy KK resonances. The wave functions of the latter can be 
obtained by solving the 5D equations of motion (EOM) in the AdS background. It turns out that 
the wave functions of the first heavy KK resonances are mostly constant throughout the bulk 
and concentrated near the IR brane, see Fig. [H The normalized wave function parametrically 
behaves as 

/n(0) ~ (fcyi)-\ /„(yi)~l. (8) 

The SM fields couple to the KK resonances of the gauge fields as 

-CsM-KK = 9n JsM^x) ■ AJ](x) , (9) 

where Jgjyj are the usual SM matter and Higgs currents. However, due to the non-flatness of the 
gauge-KK wave functions, the couplings can be highly nonuniversal, depending on the profile of 
the matter zero modes. Schematically, 



5n = 55 / fn{y)i^{yy 
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for mostly UV localized fields, 
for mostly IR localized fields. 



(10) 



where tpiy) are the zero mode wave functions normalized as J ipiy)"^ 
gauge couplings are related as 55 = g^y/yl- 



1, and the 5D and 4D 



2 Electroweak precision tests for RS 

Any theory aiming to explain EWSB has to confront the precise measurements from LEP. In 
general, new physics beyond the SM will generate higher dimensional operators which are sup- 
pressed with inverse powers of the masses of the new states. In a completely model independent 
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Figure 1: The normalized wave function of the first gauge boson KK mode as a function of the coordinate y. 




Figure 2: Diagram contributing to the effective Lagrangian. 



approach, one would like to classify these new operators, compute their contribution to the LEP 
observables and perform a global fit to their coefficients. It turns out that in a large class of 
models, including most versions of RS, there is only a certain subset of operators which are 
relevant. These are the so-called oblique corrections, and they are defined as follows 
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In the following, we will restrict ourselves to this subset. l| Note that the slightly more commonly 
used T and S parameters are related by T = aT and 4s^ S = aS. 

The tree level contributions to these coefficients from integrating out the gauge KK modes 
of the W and Z bosons can be computed from the vertex Eq. ([8|) according to the diagram in 
Fig. [2j This leads to operators consisting of products of two currents (fermionic ones as well as 
Higgs). The resulting effective Lagrangian contains the first operator in Eq. (jlip . but not the 
other three. Let us assume that the fermion fields are all localized in the UV region of the bulk. 
Then their coupling to the KK modes is to a large degree universal, and one can use the SM 
EOM to eliminate the fermion currents (For details see ) 



fermion 






(12) 



Now the only operators are those appearing in Eq. (Ilip , and this basis of fields is referred to as 
the oblique basis. It is not hard to convince oneself that 



o'Higg 
•^Higgs 



i ■ ^Higgs contributes to T , 
•^fermion Contributes to S, T . 



-'^fermion " -'fermion Contributes to S, T, Y, W . 



(13) 



According to our assumtions that the Higgs is near-IR and the fermions are near-UV localized. 



Strictly speaking for RS models one should add one more operator related to the modified Zbb coupling. We 
will comment on this operator below. 



one thus finds the following parametric dependence from Eq. (jlOp . 

T ~ {kyi)e\ 
S ^ e\ 
W,Y ^ {kyi)~\\ (14) 

where e = rnw /"^kk is the little hierarchy. One thus expects that the T parameter provides 
the strongest contraints on e. Indeed, for a strictly IR localized Higgs (a = cxd), one finds'^ 
rriKK ^ 12 TeV. Delocalizing the Higgs into the bulk reduces the coupling to the KK modes 
slightly. Recall that the lowest value of a still consistent with the RS solution to the hierarchy 
problem is o = 2. This reduces T by a factor of 3 and hence one still needs rnxK ^ 7 TeV.l^ 
These bounds refer to a light Higgs boson of rrih ~ 115 GeV. Recently it has been pointed out 
that with a heavy Higgs boson these bounds can be further reduced, due to a partial cancellation 
of the radiative Higgs contribution to T with the KK tree level contribution. For instance, for 
ruh = 450 GeV, the bound for a localizedHSl (bulktEl) Higgs field is rnxK > 8 TeV (4.6 TeV) 

In any event, multi-TeV KK masses generate a serious little hierarchy problem and render 
the theory less natural. The rather large contribution to T is a consequence of the fact that in 
the simplest model with just the SM gauge group in the bulk, the gauge-KK sector breaks the 
custodial symmetry of the SM at tree level. Recall that in the SM, in the limit of vanishing 
hypercharge and Yukawa couplings, the Higgs sector enjoys a global "custodial" SU{2)r sym- 
metry which forbids the first operator in Eq. (jlip . Since hypercharge does not commute with 
5C/(2)r, the T parameter is generated at one-loop in the SM and its extensions. However, in the 
RS model there are also KK modes of the hypercharge gauge boson, and they are the culprits 
that generate the T parameter when integrated out at tree level, u There are at least two ways 
to remedy this situation. The first is to enlarge the 5D bulk gauge symmetry according to 
U{\)y '-^ SU{2)ji. 3 This embeds the hypercharge KK modes into full SU{2)r multiplets and 
kills any tree level contributions to T. In order to achieve just the SM in the zero mode sector, 
one projects out the extra gauge bosons by giving them Dirichlet boundary conditions at the UV 
brane. Let us briefly comment on the CFT-dual interpretation of this idea. According to table [1] 
we have an exact global symmetry SU{2)l x SU{2)r, of which the SM subgroup is gauged. The 
Higgs boson is now chosen to be a bulk or brane field transforming in the bifundamental and 
spontaneously breaks the global symmetry to the diagonal SU{2)v- The bounds are dominated 
by the S parameter and one can roughly achieve tjikk ^ 3 TeV. The second possibility is to 
slightly decouple the dangerous hypercharge KK modes from the Higgs field. l^ We will describe 
such a model in the next section. For yet another idea, see^^. 

So far we have assumed that all fermions are near UV localized. This is a good approximation 
for all the light fermions of the standard model, but not so for the heavy quarks of the third 
generation. In order to generate a top Yukawa coupling of order unity one needs to have the 
left handed quark doublet to be near IR localized in order to maximize the overlap with the 
Higgs wave function. One thus expects a volume enhanced correction Sg^i^i ~ (kyi) e^ which 
contributes in particular to the partial width of the Z boson. For some ideas how to deal with 
this see^^. 



'^Sometimes the term "custodial symmetry" is reserved for the surviving global symmetry SU{2)v C SU{2)l x 
SU{2)r in the broken phase. Since we are writing effective dimension-six operators at the scale tukk 2> mw, it 
makes more sense to work in the symmetric phase and we will hence refer to SU{2)b. as the custodial symmetry. 

''in fact, it is a simple exercise to verify that only the hypercharge currents but not the SU{2)l currents 
contribute to T in Eq. HHl . 

'^An extra (/(I) symmetry is needed to correctly assign hypercharge to the fermions if the latter propagate in 
the bulk. 



3 Warped Electroweak breaking ^vithout custodial symmetry. 

We would like to suppress the KK contribution to the T parameter by decreasing their coupling 
to the Higgs boson. Let us therefore consider the effective Higgs Lagrangian 

Cmggs = -\D,H\' + ^l'- X\H\^ + <7„ J^igg, • A^ (15) 

We will generalize the metric according to the replacement 

and impose A{0) = 0, A{yi) = 35 in order to generate the Planck- Weak hierarchy. We will give 
an explicit form for A{y) below, but what we have in mind is a deformation of the form 

A{y) = ky + (correction near y = yi) , (17) 

such that the space is asymptotically AdS near the UV brane. By carefully integrating over the 
5D Lagrangian with the Higgs zero mode profile h{y) we obtain the parametric behaviour 

2 v-l 2 

Qn ~ Z-^y/tiJ[. (18) 

where we have suppressed only 0(1) quantities and defined 



'-'-. ^ = W T^^^^^^r^ . (W) 




P 

This integral arises as a wave function renormalization in the effective theory when integrating 
over the 5D Higgs kinetic-term. The reason we have kept it here explicitly is that under certain 
circumstances it can become large and suppress the coupling g^. Including the Z factor in the 
coupling Qni one can see that Eq. (fn|) is replaced by 



T 


~ {kyi)Z~\^ 


S 


~ Z-^e\ 


\Y 


~ {kyir^e\ 



(20) 

In fact, it is easy to see that in pure RS Z it is given by (for a > 1) 

^ (21) 



2(a-l) ■ 

As expected, one can gradually decouple the Higgs from the KK modes by decreasing a, but one 
is at the same time required to keep a > 2 in order to maintain the RS solution to the hierarchy 
problem. One thus finds Zrs < \ which is not particularly large. 

Next we will consider an explicit metric deformation of AdS in the IR region. It contains a 
stabilizing field (f) which leads to the metric'^^ 

A{y) = ky - -^\og{l - y /ys) , (22) 

where z/ is a real parameter. The metric has a spurious singularity located at ys = yi + A, 
outside the physical interval. It was originally studied in the absence of an IR brane in which 
case the singularity is a physical one and certain constraints apply to the parameter u in order 
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Figure 3: Left panel: Plot of the coupling a.\ — gi/g as a function of a for v — 0.5, 0.6, 0.7 and cxd (RS). Lines 
end at a = ao. Right panel: 95% CL regions in the {S,T) plane for different deformations. The arrows indicate 

decreasing KK mass. 



to have a sensible theory and generate a mass gap.^^ Here the singularity is shielded and i^ 
remains arbitrary. In the limit of i^ — t- cxd one recovers the pure AdS metric. In order to solve 
the hierarchy problem we fix Ai = A{yi) ~ 35, which determines implicitely kyi < Ai in terms 
of the other parameters. 

One can choose a suitable {(j) dependent) bulk mass to achieve again h{y) ~ g°-Ky-yi) _ The 
analogue of the condition a > 2 in RS becomes a > oq where ao = 2Ai/{kyi) > 2. The fact that 
ao > 2 can be understood in the 4D dual interpretation. The dimension of the Higgs condensate 
corresponding to the solution h{y) ~ e"^ depends on y. Since the renormalization group (RG) 
scale is given by the warp factor we have 

dim{OH) 



h' 
'hA' 



1 + 



(23) 



Kvs-y)'^''' 

Starting in the UV with dim(C'//) > 2 the mass operator |0//p has dimension |3 dimdOj^p) = 
2dim(|0//|) > 4 which, being an irrelevant operator, will become more and more suppressed 
along the RG flow. However following the RG flow further the theory departs from the conformal 
fixed point, dim.{OH) decreases and there will be a critical RG scale Hc at which dim(C'//) < 2. 
As a consequence |OhP will become a relevant operator and will start increasing again. As 
long as this happens far enough in the IR there is no concern as, at the scale /ic, the mass term 
is really small and there is simply not enough RG time for it to become large enough before 
EWSB occurs. One thus has to choose ao ~ dim Oh\uv to be sufficiently greater than 2 such 
that the coefficient of jOffp stays small all the way to the EW scale. The hierarchy problem is 
thus solved despite the fact that at the EW scale the Higgs condensate has a small dimension. 
It is clear by looking at Eq. ()19p that in general Z will increase for decreasing a. In Fig. [3] 
we plot the exact coupling of the first KK mode for different strengths of the deformation as 
a function of the parameter a, computed by numerically evaluating the wave function overlap 
in Eq. (fTOj) . One sees that, even though one has to stop at ao > 2, the coupling to the KK 
modes can be significantly reduced wrt. RS (the line with z/ = oo). This is indeed due to the 
increasing Z factors. Accordingly, the bounds are largely affected by the deformation. £| This is 
shown in the right panel of Fig. [3l where we have parametrized the deformation by the ratio of 
curvature radii in the UV {Lq = k~^) and IR (Li). •-'The rightmost ray corresponds to roughly 
the parameters kA = 1, v = 0.5, i.e. the endpoint of the yellow dashed-dotted line in the left 



^We use the fact that in the large Nc limit operator products become trivial. 

^It has been noted previously that, i n m odels with custodial symmetry, the bounds from the S parameter can 



be reduced with an IR-modified metric' 
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panel of the figure. One concludes that allowing for moderate deformations from the AdS metric 
in the IR, the bounds on the KK scale can be reduced to ~ 1 TeV, opening up the possibility 
of discovering KK resonances of the SM gauge bosons at the LHC. 

A last word is in order regarding the other precision observables, in particular the W and 
Y parameters constrained by LEP-2 data, as well as the Zhh vertex. The former two multiply 
operators in Eq. (jllh that do not involve the Higgs and hence will be unaffected by the reduced 
coupling. We have verified a posteriori that they are indeed inside their experimental errors 
at least in the parameter range displayed in Fig. [31 In contrast the Zbh vertex is affected by 
electroweak breaking and it is expected to scale as 

5gzbi-{kyi)Z-W (24) 

Clearly one can expect some suppression due to the reduced Higgs coupling to the KK modes. 
However, it is more model dependent as the precise profile of the h quark has to be specified and 
one has to pay attention to the constraint that a large enough top Yukawa must be generated. 
Very recently it has been reported that in the described model one can achieve ttikk ~ 1 — 3 
TeV in some scenarios of fermion localization. LL^ 
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